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ABSTRACT
Atmospheric observations of mini-Neptunes orbiting M-dwarfs are beginning to provide constraints
on their chemical and thermal properties, while also providing clues about their interiors and poten-
tial surfaces. With their relatively large scale heights and large planet-star contrasts, mini-Neptunes
are currently ideal targets towards the goal of characterising temperate low-mass exoplanets. Under-
standing the thermal structures and spectral appearances of mini-Neptunes is important to understand
various aspects of their atmospheres, including radiative/convective energy transport, boundary con-
ditions for the interior, and their potential habitability. In the present study, we explore these aspects
of mini-Neptunes using self-consistent models of their atmospheres. We begin by exploring the effects
of irradiation, internal flux, metallicity, clouds and hazes on the atmospheric temperature profiles and
thermal emission spectra of temperate mini-Neptunes. In particular, we investigate the impact of
these properties on the radiative-convective boundary and the thermodynamic conditions in the lower
atmosphere, which serves as the interface with the interior and/or a potential surface. Building on
recent suggestions of habitability of the mini-Neptune K2-18 b, we find a range of physically-motivated
atmospheric conditions that allow for liquid water under the H2-rich atmospheres of such planets. We
find that observations of thermal emission with JWST/MIRI spectrophotometry can place useful con-
straints on the habitability of temperate mini-Neptunes such as K2-18 b, and provide more detailed
constraints on the chemical and thermal properties of warmer planets such as GJ 3470 b. Our results
underpin the potential of temperate mini-Neptunes such as K2-18 b as promising candidates in the
search for habitable exoplanets.
Keywords: Exoplanets — Mini Neptunes — Exoplanet atmospheres — Radiative transfer — Spec-
troscopy — Habitable planets
1. INTRODUCTION
Of the thousands of exoplanets known to date, mini-
Neptunes are the most common type (Fressin et al. 2013;
Fulton et al. 2017). Yet, no analogue is known in the
solar system. We refer to a mini-Neptune as a planet
with a mass and radius smaller than Neptune whose
density is too low to be explained by a purely rocky
composition (e.g. Rogers 2015; Fulton et al. 2017). With
properties between those of rocky planets and ice giants,
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these intermediate objects offer an intriguing window
into a new realm of atmospheric, surface and interior
processes.
Mini-Neptunes arguably represent optimal targets for
atmospheric studies of temperate planets with poten-
tially ‘habitable’ surfaces. By habitable we mean ther-
modynamic conditions at which liquid water is possible
on a planetary surface (e.g., Kasting et al. 1993; Mead-
ows & Barnes 2018) and at which life is known to sur-
vive on Earth, including extremophiles, i.e., at temper-
atures . 400 K and pressures . 1250 bar (e.g., Roth-
schild & Mancinelli 2001; Merino et al. 2019). On the
one hand, temperate rocky planets in the habitable-zone
can host surfaces conducive to life (e.g. Yang et al. 2013;
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Koll & Abbot 2016; Wolf et al. 2017; Lincowski et al.
2018; Meadows & Barnes 2018) but their small radii and
large atmospheric mean molecular weights make obser-
vations challenging (Barstow & Irwin 2016; de Wit et al.
2018; Lustig-Yaeger et al. 2019). On the other hand,
larger Neptune-size ice giants with H2-rich atmospheres
are ideal for atmospheric characterisation (e.g. Fraine
et al. 2014; Wakeford et al. 2017) but the high pres-
sures and temperatures in their deep atmospheres pre-
clude habitable conditions. Temperate mini-Neptunes
with the right mass and radius offer the potential for
habitable conditions below the atmosphere (Madhusud-
han et al. 2020), while their hydrogen-dominated atmo-
spheres make them conducive for spectroscopic observa-
tions, similarly to ice giants (e.g., Kreidberg et al. 2014;
Chen et al. 2017; Tsiaras et al. 2019; Benneke et al.
2019a; Benneke et al. 2019b).
Several studies have investigated the effects of vari-
ous parameters on physical processes in H2-rich atmo-
spheres. For example, varying Tint changes the location
of the radiative-convective boundary and the tempera-
ture structure in the lower atmosphere, with implica-
tions for chemical mixing and atmospheric circulation
(Morley et al. 2017; Carone et al. 2019; Thorngren et al.
2019). While atmospheric mixing through eddy diffu-
sion in the radiative zone can homogenise the observ-
able atmosphere (e.g. P.1 bar; Moses et al. 2011),
convection makes it more efficient to mix material from
the deep atmosphere. Similarly, clouds and hazes with
strong optical scattering can cool the atmosphere as
they reflect incident stellar irradiation (e.g. Morley et al.
2015), which in turn can affect the surface and inte-
rior temperatures possible in such planets. The effects
of other physical parameters on H2-rich atmospheres of
Neptunes/mini-Neptunes have also been explored in pre-
vious works, such as metallicity (Spiegel et al. 2010)
and UV flux (Moses et al. 2013b; Miguel & Kaltenegger
2014). The effects of photospheric clouds and hazes on
mini-Neptune atmospheric spectra have also been ex-
plored in detail (Howe & Burrows 2012; Morley et al.
2013). Furthermore, Malik et al. (2019) have recently
used self-consistent atmospheric models to explore the
occurrence of thermal inversions in both hydrogen-rich
and higher-metallicity super-Earth atmospheres.
While habitability studies often focus on Earth-like
terrestrial planets, this has also been explored for larger
planets with H2-rich atmospheres. Since a nominal defi-
nition of habitability requires the presence of liquid sur-
face water (e.g. Meadows & Barnes 2018), temperate
conditions are required at the planetary surface to allow
for habitability. For Earth-like rocky exoplanets, surface
temperatures and pressures are regulated by their thin
atmospheres dominated by gases such as N2, H2O and
CO2, which define the traditional habitable zone (e.g.
Kasting et al. 1993; Kopparapu et al. 2017; Meadows
et al. 2018; Meadows & Barnes 2018). Recent stud-
ies have shown that H2-dominated atmospheres on such
planets could also cause a significant greenhouse effect
(Stevenson 1999; Pierrehumbert & Gaidos 2011; Koll &
Cronin 2019), and can extend the traditional habitable-
zone out to larger orbital separations. For example,
Pierrehumbert & Gaidos (2011) argue for the habitabil-
ity of such planets out to 1.5 AU for a 3 M⊕ planet
orbiting an early M Dwarf, which could be accessible by
microlensing. However, atmospheric characterisation of
such planets is challenging due to their larger orbital dis-
tances. In this study, we focus on planets with H2-rich
atmospheres in close-in orbits which are accessible with
transit observations and consider the conditions under
which their surfaces could be habitable.
While past studies of habitability under H2-rich atmo-
spheres have been focused on rocky super-Earths (e.g.
Pierrehumbert & Gaidos 2011; Seager et al. 2013), it is
becoming evident that certain mini-Neptunes with H2-
rich atmospheres may also host habitable surfaces (Mad-
husudhan et al. 2020). Such mini-Neptunes must have
masses and radii, i.e., bulk densities, that can allow a
sufficiently low surface pressure for a H2O layer under
the H2-rich atmosphere. Extremophiles on Earth are
known to survive pressures as high as 1250 bar and tem-
peratures up to 395 K (Merino et al. 2019). Therefore,
a mini-Neptune with a surface pressure of .1000 bar
could potentially be habitable if its surface temperature
is cool enough. Madhusudhan et al. (2020) find that this
is the case for the habitable-zone mini-Neptune K2-18 b.
They find that the mass, radius and atmospheric proper-
ties of K2-18 b are consistent with an interior structure
comprising a silicate/Fe core, a H2O layer and a H2-rich
atmosphere. The pressure below the atmosphere can be
as low as ∼1 bar with temperatures .400 K, allowing
habitable conditions in the H2O layer underneath.
K2-18 b may therefore represent a Rosetta Stone for
exoplanetary habitability, with the potential for both
habitable conditions and detailed atmospheric charac-
terisation with current and future facilities. Of course,
unlike K2-18 b, not all mini-Neptunes are expected to
host habitable surfaces. Mini-Neptunes that are hotter
and with lower bulk densities than K2-18b would lead
to significantly higher temperatures and pressures, re-
spectively, below their H2-rich atmospheres that would
be too high to be habitable. For example, GJ 1214 b,
with similar mass and radius to K2-18 b but with an
equilibrium temperature of ∼500K, is expected to have
super-critical H2O beneath its atmosphere at tempera-
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tures unconducive to life (Rogers & Seager 2010). How-
ever, for planets such as K2-18b, a wide range of atmo-
spheric parameters may allow for habitable conditions.
Indeed, conditions even slightly hotter than K2-18b and
a range of surface pressures may allow for habitability, as
we explore in this study. K2-18b may, therefore, be the
archetype for this class of planets, many more of which
may be discovered by current and upcoming surveys.
In this study, we focus on three primary aspects of
mini-Neptunes atmospheres. Firstly, we explore the
temperature structures and spectral appearance of mini-
Neptunes as a function of key atmospheric parameters,
such as incident irradiation, internal flux, metallicity,
and cloud/haze properties. In particular, we investigate
the interplay between radiative and convective energy
transport mechanisms in mini-Neptune atmospheres as
a function of these parameters, with important implica-
tions for atmospheric composition and dynamics. Sec-
ondly, we investigate the implications of atmospheric
temperature structures of mini-Neptunes on their sur-
face conditions underneath the atmosphere and assess
their potential habitability. Finally, we evaluate the
observability of mini-Neptune atmospheres in thermal
emission with JWST to characterise both potentially-
habitable as well as warmer mini-Neptunes. In partic-
ular, we propose a simple metric to identify temperate
mini-Neptunes which could potentially host habitable
conditions, with a view to guiding follow-up observa-
tions. We demonstrate our results on some case studies,
including the habitable-zone mini-Neptune K2-18 b and
the warmer mini-Neptune GJ 3470 b.
In what follows, we begin by outlining our atmospheric
model in section 2. In section 3, we then present a
suite of self-consistent P -T profiles and emergent spec-
tra exploring the atmospheric parameter space of mini-
Neptunes using K2-18 b as a prototype. We further con-
duct a detailed study of the mini-Neptune K2-18 b in
section 4 with the specific goal of assessing the thermo-
dynamic conditions at the base of the atmosphere and
the potential for habitable conditions therein. In sec-
tion 5 we investigate the observability of mini-Neptunes,
both temperate and warmer planets, with JWST in the
mid-infrared. We conclude and discuss our findings in
section 6.
2. ATMOSPHERIC MODEL
We model the atmospheres of mini-Neptunes using
an adaptation of the self-consistent atmospheric mod-
eling framework GENESIS (Gandhi & Madhusudhan
2017; also used in Piette et al. 2020). GENESIS self-
consistently calculates the pressure-temperature (P -T )
profile, the chemical profile and the spectrum of a plane-
parallel atmosphere under assumptions of radiative-
convective, hydrostatic, local thermodynamic and ther-
mochemical equilibrium. In what follows, we discuss
the model considerations and adaptations to GENESIS
made in the present study, including radiative transfer,
clouds/hazes, and comparisons with similar models in
the literature.
2.1. Energy budget and radiative-convective equilibrium
Applying radiative-convective equilibrium to the
model atmosphere involves balancing inward and out-
ward energy transport in each layer of the atmosphere.
The total energy budget of the atmosphere can be
thought of as coming from two sources: incident irra-
diation from the host star and an intrinsic flux emanat-
ing from within the planet, which represents residual
energy from formation/accretion and can also include
other heating effects such as tidal heating. The level of
incident irradiation can be characterised by the irradia-
tion temperature,
Tirr =
(
R?√
2a
) 1
2
T?. (1)
where T? and R? are the stellar temperature and ra-
dius, respectively, and a is the semi-major axis of the
planet. Tirr is effectively the equilibrium temperature
(Teq) of the dayside atmosphere of the planet assuming
zero albedo and that the incident flux is redistributed
and reradiated only on the dayside, i.e., no day-night
redistribution.
In our model we assume that the incident irradiation
is uniformly redistributed over the day-side plane par-
allel atmosphere. A significant amount of the incident
irradiation is expected to be reflected back in the pres-
ence of strong optical scattering (e.g. due to clouds or
hazes) as we consider in the present work. A fraction
of the remnant irradiation that reaches the deeper at-
mosphere may be transported to the night-side depend-
ing on the location of the atmosphere-interior boundary.
For example, in cases where the boundary occurs at low
pressures, the day-night redistribution may take place
in the interior, e.g., the H2O layer, rather than the at-
mosphere. We, therefore, do not include any day-night
atmospheric redistribution explicitly; we discuss this in
section 6.
The internal flux can be characterised by internal tem-
perature, Tint. Values of Tint can depend on forma-
tion mechanisms, mass, composition, internal sources
of heating and age, since a planet loses its initial energy
from formation over time at a rate determined by its
internal and atmospheric properties. Estimates of Tint
can therefore be made using planetary evolution mod-
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els (e.g. Valencia et al. 2013; Lopez & Fortney 2014).
In this work, we explore a wide range of plausible in-
ternal temperatures for mini-Neptunes. Valencia et al.
(2013) find that for the mini-Neptune GJ 1214 b, Tint
can be as high as 80 K/62 K if it has a water-rich/solar-
like composition and a young age of 0.1 Gyr. Morley
et al. (2017) consider higher values of Tint (&300 K) for
GJ 436b as this planet may be experiencing tidal heat-
ing. Conversely, the minimum possible value of Tint is 0
K. In this work, we explore the range Tint =0-200 K.
Once the energy budget of the atmosphere is set, en-
ergy transport can occur in two primary ways: radiative
and convective transport. In genesis, convective fluxes
are calculated using mixing length theory (Kippenhahn
et al. 2012) for regions of the atmosphere where the tem-
perature gradient is steeper than the adiabatic gradi-
ent. In purely radiative regions of the atmosphere, the
requirement of energy balance in a given atmospheric
layer can be written as∫ ∞
0
κν(Jν −Bν)dν = 0
where ν is frequency, Jν is the mean intensity of radia-
tion in that layer, Bν is the Planck function correspond-
ing to the temperature in the layer and κν is the absorp-
tion coefficient. This form of the equations assumes that
the atmosphere is in local thermodynamic equilibrium,
and the κνJν and κνBν terms represent the absorption
and emission of radiation in the atmospheric layer, re-
spectively. In convective regions of the atmosphere, the
convective flux is also added to this equation (see Gandhi
& Madhusudhan 2017, for more detail). In order to
find a P -T profile which satisfies energy balance, gen-
esis then uses Rybicki’s method to iteratively solve the
equations of radiative-convective equilibrium (Hubeny
& Mihalas 2014; Gandhi & Madhusudhan 2017).
2.2. Radiative transfer
Given a P -T profile and the opacity structure of an
atmosphere, the radiation field of the atmosphere can be
calculated using the radiative transfer equation. For a
given frequency, ν, and atmospheric layer, this equation
is
µ
dIν
dτν
= Iν − Sν , (2)
where Iν is specific intensity at angle θ to the normal, τν
is the optical depth of the layer, Sν is the source function
in the layer and µ = cos θ.
This procedure is necessary at two points in the calcu-
lation of the atmospheric model: (i) in the iterative solu-
tion of radiative-convective equilibrium, and (ii) in order
to calculate the emergent spectrum of the planet once a
converged, energy-balanced atmospheric model is found.
For the solution of radiative-convective equilibrium, a
fast radiative transfer solution is ideal as the calculation
needs to be performed in each iteration. Furthermore,
values of mean intensity are not directly needed from
this solution; instead, Eddington factors (fν = Kν/Jν ,
where Kν = 1/2
∫ 1
−1 µ
2Iν(µ)dµ) are sufficient for the
calculation of radiative equilibrium. On the other hand,
calculation of the emergent spectrum requires accurate
solutions for the mean intensity and is only calculated
once, so need not be as fast. We therefore choose to
use the Feautrier method (Feautrier 1964) in the iter-
ative solution of radiative-convective equilibrium, and
the Discontinuous Finite Element (DFE) method (Cas-
tor et al. 1992) combined with Accelerated Lambda It-
eration (ALI) for the calculation of the spectrum. Both
methods are second-order accurate and provide direct
solutions to the radiative transfer equation.
The Feautrier method solves radiative transfer under
the assumption that the source function is isotropic.
This is achieved by recasting equation 2 in terms of
the symmetric and anti-symmetric averages of specific
intensity, jν = (Iν(µ) + Iν(−µ))/2 and hν = (Iν(µ) −
Iν(−µ))/2, respectively. This results in the Feautrier
equation, µ2 d
2jν
dτ2ν
= jν−Sν . This equation is then solved
using matrix methods as described in Hubeny & Mihalas
(2014), and yields the desired Eddington factors which
are used in the solution of radiative-convective equilib-
rium.
The DFE solution for radiative transfer divides the
atmosphere into plane-parallel layers and solves for the
specific intensity at the top and bottom of each layer, I+d
and I−d , respectively, for layer d. Crucially, a disconti-
nuity between adjacent layers is allowed, i.e. I+d 6= I−d+1,
and it is this property which allows the method to be
second-order accurate (Castor et al. 1992). The spe-
cific intensity for layer d, Id is then given by a weighted
average of I+d and I
−
d . This formalism leads to the fol-
lowing recurrence relations for I+d and I
−
d (dropping the
ν subscript for clarity):
adI
−
d+1 = 2I
−
d + ∆τd+1/2Sd + bdSd+1
adI
+
d = 2(∆τd+1/2 + 1)I
−
d + bdSd −∆τd+1/2Sd+1/2,
where ad = ∆τ
2
d+1/2 + 2∆τd+1/2 + 2, bd =
∆τd+1/2(∆τd+1/2 + 1) and ∆τd+1/2 = (τd+1 − τd)/|µ|.
When scattering is present, this method must be used
iteratively, which can be done using ALI. The general
principle of ALI methods is to write a matrix equa-
tion such as I = Λ[S] as an iterative process, i.e.
Inew = Λ∗[Snew]+(Λ−Λ∗)[Sold] where Λ∗ is an approxi-
mate operator chosen to minimise computation time and
maximise convergence rate. Details of the implementa-
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tion of ALI for the DFE method can be found in Hubeny
(2017).
2.3. Chemistry, opacities and clouds/hazes
In this work, we consider opacity due to species in gas
phase, hazes and clouds. The gas-phase species we in-
clude here are the main volatiles expected in hydrogen-
rich atmospheres: H2O, CH4, NH3, CO, CO2, HCN and
C2H2 (Madhusudhan 2012; Moses et al. 2013a). We
calculate their equilibrium abundances self-consistently
with the P -T profile using the analytic method of
Heng & Tsai (2016) in each iteration of the radiative-
convective equilibrium solver. We also include opacity
due to H2-H2 and H2-He collision-induced absorption
(CIA). The cross sections we use for these species are
calculated from the HITEMP, HITRAN and ExoMol
line list databases using the methods of Gandhi & Mad-
husudhan (2017) (H2O, CO and CO2: Rothman et al.
2010, CH4: Yurchenko et al. 2013; Yurchenko & Ten-
nyson 2014, C2H2: Rothman et al. 2013; Gordon et al.
2017, NH3: Yurchenko et al. 2011, HCN: Harris et al.
2006; Barber et al. 2014, CIA: Richard et al. 2012).
In our models we also consider the phase transition
of gaseous H2O in the atmosphere into both the liq-
uid and ice phases. When H2O condenses to the liquid
phase, we remove it from the atmosphere as precipita-
tion. This ‘rainout’ happens if the H2O mixing ratio
is greater than the local saturation vapour pressure. In
this case, we assume that any H2O in excess of the sat-
uration level rains out, and the remaining atmospheric
H2O vapour pressure is equal to the saturation vapour
pressure in these regions. On the other hand, in regions
of the atmosphere where the temperature is below the
freezing point, the H2O is removed entirely from the gas
phase and instead included as an ice cloud as described
below.
We also include a simple prescription for hazes in our
models. We assume that the haze is homogeneously
distributed in the atmosphere and its opacity is of the
form of an enhanced H2 Rayleigh scattering; i.e. H2
Rayleigh scattering boosted by a multiplicative factor.
This allows us to explore the general effects of haze on
model P -T profiles with a simple parameterisation. In
order to compare the strength of our model hazes to
more detailed studies, we look to the models of Howe
& Burrows (2012) for GJ 1214 b. One of the best fit
models presented by Howe & Burrows (2012) includes a
tholin haze of density 100 cm−3 and particle size 0.1 µm,
whose extinction has a λ−4 dependence at wavelengths
<1 µm. The scattering opacity of this haze is equiva-
lent to ∼1000× the scattering opacity of H2 Rayleigh
scattering at 1 mbar and 300 K. In section 3, we there-
fore explore haze opacities in the range 0-10,000× H2
Rayleigh scattering.
Our prescription for clouds involves cloud decks whose
particle abundances decay exponentially with altitude
above the cloud base given a cloud scale height, anal-
ogous to the condensate profiles of Ackerman & Mar-
ley (2001). Rather than parameterising the cloud scale
height according to parameters such as frain as in Acker-
man & Marley (2001), we choose for simplicity a nom-
inal cloud scale height of 1/3 of an atmospheric scale
height, similar to Jovian ammonia clouds (e.g., Carl-
son et al. 1994; Brooke et al. 1998, see also Ackerman
& Marley 2001). The base of the deck is fixed at a
given pressure, which in sections 4 and 5 we choose such
that the temperature at the base of the cloud approxi-
mately coincides with the condensation temperature of
the cloud species (e.g. see condensation curves of Morley
et al. 2012). In section 3, however, we independently ex-
plore the effect of cloud location on the P -T profile and
therefore do not consider condensation temperature. We
nominally assume a KCl composition to represent the ef-
fects of salt clouds, and also explore the effects of water
ice clouds. In section 4, we include KCl, ZnS and ice
clouds wherever they are thermodynamically expected
to occur.
We vary cloud opacity in our models by varying the
abundance of the condensate species (i.e. varying metal-
licity). At the base of each cloud, we assume that all of
the cloud species is in the condensed phase. For the
salt clouds, the abundance of cloud particles is there-
fore determined by the abundance of the least-abundant
element in the condensate species (e.g. Cl for KCl)
and the particle size. Cloud particle sizes are known
to vary depending on a range of physical factors which
have been explored in detail in several works (e.g. Acker-
man & Marley 2001; Morley et al. 2014). For simplicity,
throughout this work, we assume a nominal modal par-
ticle size of 0.33 µm for the salt clouds and use the cloud
extinction cross sections given by Pinhas & Madhusud-
han (2017). For ice clouds, the particle abundance at
the base of the cloud depends on the H2O abundance
and the particle size (which can vary between models,
see section 4). We use the extinction cross sections for
water ice from Budaj et al. (2015).
Above an ice cloud deck, the abundance of gaseous
H2O can depend on the presence of vertical mixing. For
our model parameter exploration in section 3, we freeze
out all H2O above the base of the water ice cloud deck
(i.e. assuming a cold trap and no vertical mixing) to
provide a uniform comparison between models with dif-
ferent ice cloud abundance, which is a free parameter.
In reality, however, if a thermal inversion occurs it is
6 Piette & Madhusudhan
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Figure 1. Comparisons with model pressure-temperature profiles of mini-Neptunes in the literature. Left panel: comparison to
the model for K2-18 b from figure 5 of Benneke et al. (2019b) (B19). Center panel: comparison to the K2-18 b solar-metallicity
model from figure 11 of Scheucher et al. (2020) (S20, case 6 in their table 6). Right panel: comparison to clear (solid lines) and
cloudy (dashed lines) models for GJ 1214 b from Morley et al. (2013) (M13). See section 2.5 for details.
possible that the temperature profile above the cloud
deck is hotter than the freezing point. In such cases, it
is conceivable that water vapour may be present above
the cloud deck due to vertical mixing in the atmosphere;
e.g., analogous to condensable species being lofted to up-
per regions in irradiated atmospheres (e.g., Parmentier
et al. 2013). For example, if the temperature at 0.1 bar
is 250 K and the temperature at 10−3 bar is 300 K, H2O
will be frozen out at 0.1 bar but H2O vapour could still
be present at 10−3 bar given sufficient vertical mixing.
Therefore, we allow for this possibility when modeling
the specific case studies in sections 4 and 5, i.e., H2O
is only frozen out when it is expected to be in the ice
phase, allowing it to come back to vapor phase higher
up in the atmosphere if the temperature there is above
the freezing point.
2.4. System parameters
In section 3, we apply our model to a generic mini-
Neptune to qualitatively asses the impacts of various at-
mospheric parameters on its P -T profile and spectrum.
The planetary and host star parameters we choose to
use for this test case are based on those of K2-18 b
(Foreman-Mackey et al. 2015; Montet et al. 2015), and
we use the values given by Cloutier et al. (2019) and
Benneke et al. (2019b). For the planetary parameters,
we assume a radius of 2.61R⊕ and log gravity of 3.094
(in cgs). For the stellar parameters, we assume a radius
of 0.4445R, log gravity of 4.836 (in cgs), temperature
of 3457 K and an [Fe/H] metallicity of 0.12. We use
a Kurucz stellar model for the stellar spectrum in our
models (Kurucz 1979; Castelli & Kurucz 2003).
In section 4, we calculate models specifically for K2-
18 b using the same parameters as described above, and
using its orbital separation to determine the irradiation
temperature based on parameters from Benneke et al.
(2019b). For K2-18 b, Tirr=332 K. We further estimate
the internal temperature of K2-18 b based on existing es-
timates for GJ 1214 b (Charbonneau et al. 2009), which
has a similar mass and radius to K2-18 b (Cloutier et al.
2019; Benneke et al. 2019b). Valencia et al. (2013) find
that for ages between ∼1-10 Gyr, considering both so-
lar and water-rich atmospheric compositions, GJ 1214 b
has an internal temperature in the range ∼25-50 K. We
therefore calculate models for these two end-member
values of Tint.
We also calculate models for GJ 3470 b (Bonfils et al.
2012) in section 4, a planet with radius comparable to
Neptune but of lower mass. For this, we use planetary
and stellar properties from Awiphan et al. (2016). The
planetary radius and log gravity are 4.57R⊕ and 2.81
(in cgs), respectively, with a mass of 13.9 M⊕, and semi-
major axis of 0.0355 au. For the stellar parameters we
use a radius of 0.547R, log gravity of 4.695 (in cgs),
effective temperature of 3600 K and an [Fe/H] metal-
licity of 0.2. The irradiation temperature of GJ 3470 b
given these system parameters is 812 K. For the inter-
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nal temperature, we use an intermediate value of 30 K
(Valencia et al. 2013).
In section 2.5, we also model GJ 1214 b for compar-
ison with previous models in the literature. For these
models, we use the stellar and planetary parameters of
GJ 1214/GJ 1214 b from Harpsøe et al. (2013). The
planetary radius and log gravity are 2.85R⊕ and 2.88 (in
cgs), respectively, and the semi-major axis is 0.0141 au.
For the star we use a radius of 0.216R, log gravity of
4.944 (in cgs), effective temperature of 3026 K and an
[Fe/H] metallicity of 0.39.
The genesis models described above can be used to
generate atmospheric models with arbitrary pressure
and wavelength resolution. We choose to use 10000
wavelength points uniformly distributed between 0.4
and 50 µm and 100 depth layers log-uniformly dis-
tributed between pressures of 103 and 10−6 bar.
2.5. Model comparison
We compare our self-consistent forward model to three
other examples of mini-Neptune models in the litera-
ture: Benneke et al. (2019b) and Scheucher et al. (2020)
for K2-18b, and Morley et al. (2013) for GJ 1214 b.
We use the same input parameters and model set-up
as described in these works. The internal temperature
is not specified for these models, so we choose to use
Tint=100 K as this results in good agreement.
We first reproduce the model P -T profile of K2-18 b
from figure 5 of Benneke et al. (2019b). We include
opacity due to H2O vapour, H2-H2 and H2-He CIA and
Rayleigh scattering due to H2. Following Benneke et al.
(2019b), we assume an albedo of 0.3. We further as-
sume uniform day-night redistribution of the incident
flux, i.e., 50% of the incident irradiation, minus the
reflected component, remains on the dayside. We use
a H2O abundance of 40× the expected abundance for
a solar composition in thermochemical equilibrium, i.e.
approximately the best fitting value found by Benneke
et al. (2019b) (their Fig. 4), which they use to calcu-
late their model P -T profile. We also use the planetary
and stellar parameters for K2-18 b/K2-18 given by Ben-
neke et al. (2019b), which are also listed in section 2.4.
The left panel of figure 1 shows the model from Benneke
et al. (2019b) as well as our reproduction, which agrees
very closely.
Note that the P -T profile of Benneke et al. (2019b)
does not appear to explicitly include the effects of wa-
ter ice clouds, despite having temperatures below the
freezing point of H2O. Instead, an albedo of 0.3 was as-
sumed to remove the corresponding amount of incident
flux at the top of the atmosphere. Our reproduction is,
therefore, also cloud-free and assumes the same albedo
treatment. We explore cloudy and hazy models of K2-
18 b in section 4.
We further reproduce the solar-metallicity P -T pro-
file for K2-18 b from figure 11 of Scheucher et al. (2020)
(case 6 in their table 6). Their model assumes equi-
librium chemical abundances for an isotherm at 320 K,
and this chemistry is kept fixed for the calculation of
the P -T profile. We therefore include opacity due to
H2O, CH4 and NH3 in our reproduction (the dominant
carriers of O, C and N, respectively, at this tempera-
ture) assuming fixed, constant-with-depth abundances
corresponding to the equilibrium abundances expected
at 320 K (i.e. mixing ratios of 10−3, 10−3.3 and 10−3.9
for H2O, CH4 and NH3, respectively; see e.g., Woitke
et al. 2018). We also include opacity due to H2-H2 and
H2-He CIA as well as H2 Rayleigh scattering. Following
Scheucher et al. (2020), we do not include any clouds or
hazes in this model. We also assume uniform day-night
energy redistribution. We also use the planetary and
stellar parameters for K2-18 b/K2-18 given in section
2.4. Both the model from Scheucher et al. (2020) and
our reproduction of this are shown in the center panel
of figure 1.
Our model and that of Scheucher et al. (2020) agree
closely. Any differences between them may be due to
differences in the treatment of radiative transfer and
radiative-convective equilibrium, e.g., Scheucher et al.
(2020) do not self-consistently consider convective flux.
We further note that this P -T profile enters the ice phase
of H2O and should therefore include the presence of wa-
ter ice clouds. We find in section 4 that assessing the
habitability of K2-18 b requires consideration of optical
opacity in the atmosphere, e.g., clouds and/or hazes.
As such, the cloud- and haze-free models of Scheucher
et al. (2020) are limited in assessing the habitability of
this planet.
We also use our model to reproduce a clear and a
cloudy P -T profile for GJ 1214 b from figure 1 of Morley
et al. (2013). We model a 1×solar clear atmosphere
and a 50× solar cloudy atmosphere, both assuming that
incident irradiation is redistributed on the dayside only
(i.e. corresponding to the hotter P -T profiles in figure 1
of Morley et al. 2013). In both cases, we include opacity
due to all of the volatile species discussed in section 2.3.
In the cloudy model, we also include KCl and ZnS clouds
with base pressures of 0.025 and 0.158 bar, respectively.
This is where the Morley et al. (2013) model crosses
the condensation curves for each of these species and
where the cloud bases are positioned in their model. We
use a modal particle size of 38.6 µm for these clouds.
Since the effective temperature of GJ 1214 is cooler than
3500 K, we are not able to use a spectral model from
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Figure 2. P -T profiles for model atmospheres with varying haze and cloud opacities. Left panel shows effects of varying
haze, which is included homogeneously throughout the atmosphere and implemented using an enhanced Rayleigh scattering
prescription (see section 2.3). Center and right panels show the effects of a KCl/water ice cloud deck, with the abundance of
the cloud condensate parametrised by the metallicity, as described in section 2.3. For the salt/water ice clouds, the base of the
cloud deck is at a pressure of 10 bar/0.1 bar and the modal particle size is 0.33 µm/4 µm, respectively. We use a nominal cloud
scale height of 1/3 of an atmospheric scale height. For each model, Tint=40 K, Tirr=350 K and the metallicity of the gaseous
species in the atmosphere is 1×solar. In each panel, the red profile denotes a clear atmosphere. Convective regions are shown
by bold lines, and photospheres are shown by bold dark grey lines (see section 3.1)
the Kurucz library as described above (which includes
models with Teff ≥3500 K) and instead use a model
from the PHOENIX library (Husser et al. 2013) with the
closest stellar parameters to GJ 1214, i.e. Teff=3000 K,
log(g/cgs)=5.0 and [Fe/H]=0.5. Our models and those
of Morley et al. (2013) are shown in the right panel of
figure 1. The models show good agreement and differ by
.100 K, which may be due to differences in the stellar
spectrum used.
3. EFFECTS OF ATMOSPHERIC PARAMETERS
The temperature profiles of mini-Neptune atmo-
spheres are determined by a range of atmospheric prop-
erties, including the internal flux, irradiation, and the
opacity structure of the atmosphere, which are, there-
fore, key to understanding the various processes dis-
cussed above. In this section, we investigate the effects
of these properties on the temperature structures and
thermal emission spectra of mini-Neptune atmospheres.
In particular, we explore the effects of internal tempera-
ture, irradiation, infrared opacity and cloud/haze prop-
erties, discussing how they impact the observability and
physical processes of these atmospheres as well as con-
sequences for modelling the interiors of mini-Neptunes.
We consider a fiducial model with Tirr=350 K,
Tint=40 K and 1×solar metallicity, and explore mod-
els in the range Tirr=350-1000 K, Tint=0-200 K and
metallicities of 0.1-100×solar. We present both clear
and hazy/cloudy models, exploring haze opacities up to
1000× Rayleigh scattering (according to the parameteri-
sation discussed in section 2.3) and salt/water ice clouds
with up to 100×solar metallicity. We discuss the P -T
profiles and thermal emission spectra of these models in
sections 3.1 and 3.2, respectively.
3.1. Temperature profiles and energy transport
We begin by exploring how Tint, Tirr, metallicity,
cloud/haze opacity and cloud type affect the thermal
profiles of mini-Neptunes. Energy transport in a plane-
tary atmosphere is governed by the boundary conditions
at the top and bottom of the atmosphere, characterised
by Tirr and Tint, respectively, and by the opacity profile
which lies between them. In the upper, low-opacity, re-
gions of the atmosphere, energy transport is primarily
radiative, an effect which is enhanced by strong incident
irradiation. In the deeper, high-opacity layers, convec-
tive transport begins to dominate. Where the transi-
tion between the two regimes - the radiative-convective
boundary - occurs depends on several factors including
incident and intrinsic flux as well as optical and infrared
opacity. Depending on the location of the radiative-
convective boundary, the presence of convection can
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Figure 3. Self-consistent atmospheric P -T profiles across a range of internal temperatures, irradiation temperatures and
infrared opacities (parameterised by metallicity relative to solar abundances). Top three panels show P -T profiles for a clear
atmosphere while lower panels include haze equivalent to 1000× H2 Rayleigh scattering. The fiducial values used for Tint, Tirr
and infrared opacity are 40 K, 350 K and 1× solar metallicity, respectively. Bold line segments indicate convective regions and
photospheres are shown by bold dark grey lines (see section 3.1).
in turn impact atmospheric mixing and, therefore, the
chemical homogeneity of the atmosphere.
Here, we investigate how the parameters listed above
impact the thermal profile and energy transport mech-
anisms of an atmosphere by generating self-consistent
P -T profiles, as described in section 2, and indepen-
dently varying each parameter in turn. Figure 2 shows
model P -T profiles for which we vary the haze opacity
(left panel) or cloud opacity (centre and right panels).
In the centre and right panels, we place a KCl cloud at
10 bar and a H2O ice cloud at 0.1 bar, respectively, to
test the effects of different types of clouds. We test the
effects of Tint, Tirr and metallicity in figure 3, for both a
clear atmosphere (upper panels) and a hazy one (lower
panels). For each P -T profile, we also show the 1-30 µm
photosphere, smoothed by a Gaussian of width 0.1 µm,
to represent the pressures and temperatures probed by
low-resolution infrared thermal emission observations.
In what follows, we describe the effects of each of these
parameters in turn on the atmospheric temperature pro-
file.
3.1.1. Effect of clouds/hazes
Figure 2 shows the effects of hazes, high-altitude ice
clouds and deeper salt clouds on the thermal profile of a
mini-Neptune. Here the cloud/haze properties are var-
ied according to the prescriptions described in section 2.
For example, in the center and right panels the abun-
dance of cloud species is varied according to the metal-
licity specified, keeping the cloud scale heights and lo-
cations fixed. While in reality the cloud base location is
driven by its condensation temperature, in this section
we choose to only vary cloud opacity in order to inde-
pendently demonstrate the structural effects that this
has on the P -T profile. Note that, for the purpose of
demonstration here, the abundance of water ice parti-
cles is varied independently of the gaseous H2O abun-
dance. The models in figure 2 all assume Tint=40 K,
Tirr=350 K and solar abundances of the gaseous species
listed in section 2.
Clouds and hazes both provide optical opacity which
scatters incident irradiation and can therefore cool the
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Figure 4. Model thermal emission spectra corresponding to the P -T profiles in figure 2. For each model, Tint=40 K, Tirr=350 K
and the metallicity of the gaseous species in the atmosphere is 1×solar. We vary haze, salt cloud and water ice cloud opacities in
the left, centre and right panels, respectively. The horizontal dashed grey lines show the 10 ppm level, which may be considered
an optimistic precision achievable with JWST.
atmosphere. This is shown clearly in the left and centre
columns of figure 2, as increasing the haze/KCl cloud
abundance results in a cooler temperature profile. Ice
clouds can also cool the atmosphere (right column of fig-
ure 2), though very high opacity clouds can also warm
the atmosphere by intercepting outgoing flux (Morley
et al. 2014). Both the photospheric temperature and the
temperature at deeper pressures are affected by these ef-
fects, meaning that clouds and hazes are important com-
ponents in understanding both the spectra and interiors
of mini-Neptunes. Figure 2 also shows that stronger
cloud/haze opacity typically results in a more isother-
mal temperature profile below the photosphere. This
can impact the habitability of the planet as cooler, more
habitable temperatures are maintained to higher pres-
sures where a surface may occur. We discuss this further
in section 4.
The location of the radiative-convective boundary is
also affected by the presence of clouds/hazes. As we dis-
cuss in section 3.1.2, the boundary between the radiative
and convective regions of the atmosphere is dependent
on the incident irradiation, with weaker irradiation re-
sulting in a shallower radiative-convective boundary. By
scattering incident irradiation, clouds/hazes also raise
this boundary to lower pressures. For example, in figure
2, only the models with the strongest haze/cloud opaci-
ties have a radiative-convective boundary shallower than
1000 bar (i.e. the edge of the computational domain),
and the boundary occurs at lower pressures for models
with higher haze/cloud opacity.
3.1.2. Irradiation vs internal flux
As the boundary conditions at the top and bottom of
the atmosphere, irradiation and internal flux compete
in determining the location of the radiative-convective
boundary. A high Tirr results in a larger region of
the atmosphere being dominated by radiative transport,
pushing the radiative-convective boundary deeper. Con-
versely, a hotter Tint pushes this boundary higher up.
These effects can be seen in figure 3, and are strongest
for the hazy models in the lower left and lower cen-
tre panels. As Tirr decreases the temperature gradi-
ent at 1000 bar gradually becomes steeper, transitioning
from almost isothermal at Tirr =1000 K to an adiabatic
gradient at Tirr ≤650 K, when the radiative-convective
boundary occurs within the computational domain.
As expected, Tint has the opposite effect. Models
with higher Tint show significantly shallower radiative-
convective boundaries, with the shallowest within this
parameter space at ∼ 1 bar for the model with Tint =
200 K. However, such a high value of Tint may be un-
likely for a mini-Neptune (e.g. Valencia et al. 2013),
though high Tint values have been considered for planets
which may be affected by tidal heating (e.g. GJ 436b,
Morley et al. 2017). For models with Tint ≤100 K the
radiative-convective boundary is deeper than 10 bar.
This suggests that intrinsic heat in mini-Neptunes may
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Figure 5. Model thermal emission spectra corresponding to the P -T profiles in figure 3, for varying Tint, Tirr and infrared
opacity (left, centre and right columns, respectively). The fiducial values used for Tint, Tirr and infrared opacity are 40 K, 350 K
and 1× solar metallicity, respectively. Top three panels show spectra for a clear atmosphere while lower panels include haze
equivalent to 1000× H2 Rayleigh scattering. The horizontal dashed grey lines show the 10 ppm level, which may be considered
an optimistic precision achievable with JWST.
be insufficient to mix their atmospheres up to shallow
pressures through convection unless they have signifi-
cant haze/cloud opacities. Instead, eddy diffusion in
the radiative regime may be a more likely mechanism
for vertical mixing.
While Tirr and Tint have strong effects on the radiative-
convective boundary when haze is present, in the haze-
free models their influence is reduced at the pressures
investigated here. The upper left and centre panels in
figure 3 show that none of the Tirr or Tint values explored
result in a radiative-convective boundary shallower than
1000 bar for a clear model. Though the larger values of
Tint explored do result in a higher temperature gradient
at high pressures, this suggests that for the clear models
in the parameter space explored here (i.e. Tirr &350 K),
incident irradiation and radiative transport dominate
the atmosphere up to pressures of at least 1000 bar.
Aside from the radiative-convective boundary, irradia-
tion and internal flux also have significant effects on the
temperature profile in general. As expected, a hotter
Tirr translates the temperature profile to higher tem-
peratures, and consequently the photospheric tempera-
ture is extremely sensitive to this parameter. In con-
trast, Tint only affects the deepest regions of the atmo-
sphere and does not affect the photosphere unless it is
extremely high (e.g. Morley et al. 2017). The left and
centre columns of figure 3 also show that the tempera-
tures at high pressures are strongly dependent on both
Tirr and Tint, meaning that these properties are impor-
tant to consider when using such models as boundary
conditions for internal structure models.
3.1.3. Effect of infrared opacity
Infrared opacity is an important factor in determin-
ing energy transport, as it intercepts outgoing planetary
flux. For planets with a cool stellar host whose spectrum
peaks in the near-infrared, such as K2-18, the infrared
opacity can also absorb incident irradiation. As a result,
higher abundances of these infrared absorbers result in a
hotter temperature profile. This can be seen in the right
column of figure 3, which shows P -T profiles for differ-
ent infrared opacities, characterised by metallicity rela-
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tive to solar elemental abundances. These P -T profiles
also show that metallicity predominantly affects deeper
regions of the atmosphere; the profiles are similar at low
pressures and begin to diverge at P &0.1 bar. At these
higher pressures, models with higher metallicity also ex-
hibit convective zones as the increase in opacity reduces
the efficiency of radiative transport. We also note that
for models with very high IR opacity (e.g., & 100× so-
lar), the H2O mixing ratio in the lower atmosphere can
be close to saturated. We consider the rainout which
can result from super-saturation in sections 4 and 5.
Since high infrared opacities result in hotter temper-
atures deep in the atmosphere, this property is an im-
portant factor both for boundary conditions in internal
structure models and for considerations of habitability.
However, the photosphere is not strongly affected by
changes in infrared opacity. This is because an increase
in infrared opacity effectively translates the P -T profile
to lower pressures, while the photosphere of a higher-
opacity model also occurs at lower pressures (Spiegel
et al. 2010). As a result, the photospheres of the models
in the right column of figure 3 probe similar tempera-
tures despite the differences in their infrared opacities.
3.2. Thermal Emission Spectra
In this section, we investigate the effects of internal
temperature, irradiation, metallicity and clouds/hazes
on the thermal emission spectra of mini-Neptunes.
These emergent spectra are strongly sensitive to the
atmospheric temperature profile, and are therefore im-
pacted by the parameters listed above through their ef-
fects on the temperature profile. Figures 4 and 5 show
thermal emission spectra corresponding to the P -T pro-
files in figures 2 and 3, respectively. In each of these, a
flux ratio of 10 ppm is shown by a dashed line to indi-
cate an optimistic minimum uncertainty expected with
JWST.
Clouds and hazes predominantly affect the spectrum
at shorter wavelengths, as they reflect incident stellar
irradiation which peaks in the optical. However, this
reflected light is well below an optimistic 10 ppm un-
certainty for JWST, and is, therefore, unlikely to be
detectable for the temperate mini-Neptunes modelled
here. Nevertheless, clouds and hazes can also affect the
spectrum through their effects on the P -T profile. For
example, high-altitude ice clouds significantly cool the
photospheric temperature, which results in less emit-
ted flux. In the case of hazes and deeper KCl clouds,
stronger haze/cloud opacity results in a more isother-
mal P -T profile in the photosphere and weaker absorp-
tion features. This can be seen in the continuum peak
at ∼5 µm, which is smaller for models with stronger
haze/KCl cloud opacity.
Although Tirr and Tint both play major roles in deter-
mining the P -T profile and radiative-convective bound-
ary (section 3.1.2), only Tirr has a significant effect on
the observable spectrum. As Tirr translates the P -T
profile to hotter/cooler temperatures, the emergent flux
increases/decreases accordingly. However, Tint largely
affects the P -T profile below the photosphere and does
not impact the spectrum unless its value is sufficiently
high. For the models shown here with Tirr=350 K,
Tint=200 K is enough to affect the photosphere and
result in a slightly higher continuum peak at ∼5 µm.
This is a stronger effect for hazy models compared to
clear ones (left column of figure 5), though the haze
also mutes the continuum feature. Estimates of Tint for
mini-Neptunes will therefore rely on theoretical cooling
models as this parameter will not be derivable from ob-
served spectra unless it is very high.
The right column of figure 3 shows that metallicity
does not have a strong effect on the observable spec-
trum, especially at longer wavelengths. As discussed
by Spiegel et al. (2010), this is because the increase in
temperature due to increased metallicity is balanced by
the photosphere shifting to lower pressures. Further-
more, this shallower photosphere is also more isother-
mal, which weakens the strength of spectral features.
While each atmospheric parameter affects the observ-
able spectrum to different extents, we note that all of
the spectra in figures 4 and 5 are well above 10 ppm
at longer wavelengths and should be observable with
JWST. In section 5, we discuss how JWST observations
could help to constrain the conditions in atmospheres of
mini-Neptunes.
4. CONSIDERATIONS FOR HABITABILITY
In the search for extrasolar habitability, planets in the
habitable zones of M-dwarfs provide excellent targets
thanks to their small host star radii and semi-major
axes. Furthermore, mini-Neptunes have large atmo-
spheric scale heights and planet/star size ratios, making
them especially conducive to atmospheric characterisa-
tion. K2-18 b is a prime example of such a planet, and
its atmosphere has been characterised through transmis-
sion spectroscopy, leading to a strong detection of water
vapour (Benneke et al. 2019b; Tsiaras et al. 2019). Us-
ing the observed spectrum and bulk properties (mass
and radius), Madhusudhan et al. (2020) placed joint
constraints on the atmosphere and interior of K2-18b
and found several solutions allowing for liquid water
at habitable temperatures and pressures at its surface.
The Transiting Exoplanet Survey Satellite (TESS) is ex-
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Figure 6. Schematic of an atmospheric P -T profile (bold black lines) and the corresponding phases of the atmospheric H2O
(left panel) and of the 100% H2O layer beneath the atmosphere (right panel). Left panel: background shows the phase diagram
for the atmospheric H2O assuming a fixed mixing ratio of 10
−3. For the P -T profile shown here, the atmospheric H2O is in the
vapor phase throughout. Right panel: background shows the phase diagram for 100% H2O, corresponding to the phase at the
surface of the 100% H2O layer beneath the atmosphere. The region of the liquid phase satisfying P < 1000 bar, T < 395 K is
highlighted in yellow and corresponds to conditions known to be habitable for extremophiles on Earth (e.g. Merino et al. 2019).
Depending on the location of the H2O layer/H2-rich atmosphere boundary (HHB), the surface of the H2O layer in this example
can be in the liquid phase (at habitable or inhabitable temperatures) or the supercritical phase. These scenarios are marked
by the green, blue and purple dashed lines and circles, respectively. In both panels, the left y-axis (P ) corresponds to the total
atmospheric pressure while the right y-axes (PH2O, atm and PH2O,HHB) show the partial pressure of H2O in the atmosphere (left
panel) and the total pressure of H2O at the HHB (right panel), respectively. In the following figures, the H2O phase diagram
is always shown for the HHB, as shown in the right panel here.
pected to find more planets of this type, with several
existing candidates and some already confirmed (e.g.
Gu¨nther et al. 2019).
Traditional definitions of the habitable zone are typ-
ically designed for terrestrial planets with thin atmo-
spheres (Kasting et al. 1993; Kopparapu et al. 2017;
Meadows & Barnes 2018), for which the equilibrium
temperature can be comparable to the surface temper-
ature. This is not the case for mini-Neptunes, which
host H2-rich envelopes and whose surfaces can occur at
much deeper/higher pressures. Due to the greenhouse
effect of H2, the temperatures at these higher pressures
can be significantly hotter than the equilibrium temper-
ature of the planet (Pierrehumbert & Gaidos 2011; Koll
& Cronin 2019). Habitability on mini-Neptunes there-
fore relies on physical processes which can counter this
heating effect, such as clouds and hazes.
In this section, we explore atmospheric conditions un-
der which K2-18 b could host liquid water on its surface
at habitable temperatures and pressures. Liquid wa-
ter on the surface is typically considered to be a nomi-
nal requirement for habitability (e.g. Meadows & Barnes
2018). Furthermore, it is known that extremophiles on
Earth are able to survive at temperatures up to 395 K
and pressures up to 1250 bar (Merino et al. 2019). In
what follows, we therefore refer to temperatures .395 K
at pressures .1250 bar as habitable conditions. We be-
gin by discussing the requirements for a liquid ocean
in section 4.1. Since the atmospheric H2O abundance
above an ocean can be a complex function of altitude (as
seen on Earth, e.g., Pierrehumbert et al. 2006), we then
explore atmospheric P -T profiles for two end-member
scenarios: fixed metallicity in section 4.2 and 100% rel-
ative humidity in section 4.3.
4.1. Conditions for an ocean
An essential condition for the presence of a water
ocean in a planet is the availability of a water reservoir
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Figure 7. Model dayside P -T profiles for K2-18 b, for a range of metallicities and internal temperatures, that could allow habit-
able conditions below the atmosphere. For each metallicity, the cooler/hotter profile at 1000 bar corresponds to Tint=25 K/50 K.
Left panel: models with no haze. Models with 1× and 10× solar metallicity enter the water ice phase so we include ice clouds
where they are thermodynamically required (cloud bases in the range 0.2-0.3 bar). The 100×solar metallicity model has KCl
and ZnS clouds in the deep atmosphere (cloud bases between 100 and 1000 bar). Right panel: models with hazes. The 10×solar
metallicity model with Tint=25 K has haze equivalent to 500× H2 Rayleigh scattering, while the other models have 1000× H2
Rayleigh scattering. Models with 10×solar metallicity have water ice clouds (cloud bases in the range 0.01-0.03 bar). The phase
diagram of H2O is shown in the background, corresponding to the surface conditions of a 100% H2O layer beneath the H2-rich
atmosphere, i.e., at the HHB (see section 4 and right panel of figure 6). The shaded yellow regions show habitable conditions in
Earth’s oceans, with T<395 K and P<1250 bar (Merino et al. 2019). Models passing through the yellow region could therefore
potentially host habitable liquid water at the HHB.
beneath the atmosphere at the right thermodynamic
conditions. Several works have explored the possibil-
ity of water oceans in super-Earths and water worlds
with a large H2O layer in the interior (e.g., Le´ger et al.
2004; Rogers & Seager 2010; Rogers et al. 2011; Zeng &
Sasselov 2013; Thomas & Madhusudhan 2016) as well
as ice giants with mixed-composition interiors that re-
quire sufficiently large H2O mixing ratios at low pho-
tospheric temperatures (e.g., Wiktorowicz & Ingersoll
2007). In the present work, we assume the presence
of a water layer below the H2-rich atmosphere, follow-
ing the recent constraints on the mini-Neptune K2-18b
from Madhusudhan et al. (2020). Whether or not a liq-
uid water ocean is possible below the atmosphere, thus,
depends on the pressure-temperature conditions at the
bottom of the atmosphere as we model here.
For K2-18b, Madhusudhan et al. (2020) find that
the atmospheric mass fraction is between . 10−6 and
∼ 6× 10−2, allowing surface pressures as low as ∼1 bar
for some atmospheric P -T profiles. In their interior
model, a 100% H2O layer exists below the atmosphere,
similar to other models in the literature for super-Earths
and mini-Neptunes (e.g. Nettelmann et al. 2011; Rogers
et al. 2011; Valencia et al. 2013). As discussed in sec-
tion 1, not all mini-Neptunes would have masses and
radii consistent with habitable pressures (.1000 bar) be-
low their H2-rich atmospheres. However, mini-Neptunes
with bulk densities similar to or higher than K2-18 b
could allow for habitable surface pressures.
In what follows, we use the term HHB, as in Mad-
husudhan et al. (2020), to denote the boundary between
the H2O surface and the H2-rich atmosphere, i.e., the
pressure level where the atmosphere terminates and the
100% H2O layer begins. Just above the HHB, the H2O
abundance is that of the atmosphere, i.e. lower than
100%. At the HHB and below, the H2O abundance
is 100%, i.e., in the water layer. Therefore, the phase
of water can change across the HHB depending on the
Mini-Neptune Atmospheres 15
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Figure 8. Same as figure 7, but for a planet resembling K2-18 b with an irradiation temperature of 420 K (i.e. receiving ∼2.5×
more incident flux). Left panel: models with no hazes. Each model includes KCl and ZnS clouds with cloud base pressures
between 30 and 1000 bar. Right panel: models including hazes. 1×solar models include haze equivalent to 3000× H2 Rayleigh
scattering, while the other models have 10000× H2 Rayleigh scattering. Strong haze opacity is required for the P -T profiles to
enter the shaded yellow region, where a H2O surface beneath the atmosphere could host habitable liquid water.
pressure and temperature conditions at the HHB; for
example, from vapour in the atmosphere to liquid in the
100% H2O layer below. To assess the phase of the 100%
H2O layer just below the HHB, we compare model at-
mospheric P -T profiles to the phase diagram of 100%
H2O (Fei et al. 1993; Wagner & Pruß 2002; Seager et al.
2007; French et al. 2009; Sugimura et al. 2010; Thomas
& Madhusudhan 2016), as shown in the right panel of
figure 6. Note that this phase diagram does not corre-
spond to the atmospheric H2O, as the partial pressure
of H2O in the atmosphere is less than the total pressure
(see left panel of figure 6). Instead, at each pressure
and temperature it corresponds to the phase of H2O at
the surface of the 100% H2O layer below assuming that
the bottom of the atmosphere is at that pressure and
temperature.
4.2. Effects of cloud/hazes, metallicity and Tint
In this section, we explore the effects of clouds, hazes,
metallicity and internal temperature on the potential
habitability of K2-18 b. For these models, we assume a
fixed atmospheric metallicity informed by the transmis-
sion spectrum of K2-18 b, as described below. The as-
sumed H2O abundance is largely sub-saturated in these
models, representing one extreme in relative humidity,
which is known to be a complex function of many pa-
rameters on Earth (e.g. Pierrehumbert et al. 2006). We
then explore models with a saturated H2O abundance
in section 4.3.
Our model P -T profiles are shown in figures 7 and 8
and discussed further below. At any given pressure, P ,
in the P -T profile, the comparison to the H2O phase
diagram indicates the phase at the surface of the H2O
layer if the HHB occurred at that pressure (i.e., PHHB =
P ), as shown in the right panel of figure 6. Note that
we do not assume a particular location for the HHB
in our models. Instead, we calculate the atmospheric
P -T profile up to 1000 bar, and see where the HBB
would cross the H2O phase diagram for different values
of PHHB. For example, if a model P -T profile crosses
the liquid phase for 100% H2O at 10 bar, this suggests
that if the HHB were to occur at 10 bar, the surface of
the 100% H2O layer would be liquid.
Madhusudhan et al. (2020) show that PHHB & 1 bar
for K2-18 b. That is, the surface between the atmo-
sphere and the 100% H2O layer can exist at pressures
& 1 bar. Therefore, atmospheric P -T profiles which
intersect with the liquid H2O phase at pressures & 1
bar could allow for surface liquid water below the atmo-
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Figure 9. Model dayside P -T profiles for K2-18 b with 100% relative humidity which allow for a liquid ocean at the surface.
Surface temperatures below ∼400 K could allow for habitable conditions for Earth-like aquatic life (e.g. Merino et al. 2019). Left
panel: Models with an ocean-atmosphere boundary (HHB) at 100 bar and varying haze abundances and internal temperatures
(see legend). Right panel: Models with the HHB at 1 bar and varying haze abundances; these P -T profiles are not sensitive
to Tint between 25-50 K. The atmospheric H2O abundance is fully saturated between the ocean surface and the cold trap (see
section 4.3).
sphere at that pressure. Furthermore, if the P -T profile
intersects the liquid phase at < 395 K, this liquid surface
water would be at habitable temperatures. We reiter-
ate that the phase diagram of H2O shown here does not
correspond to the phase of H2O in the atmosphere. In-
stead, it corresponds to the phase of the 100% H2O layer
at the HHB, just below the atmosphere.
In order to generate atmospheric P -T profiles for
K2-18 b, we use spectroscopic constraints on the at-
mospheric chemistry from Madhusudhan et al. (2020).
Madhusudhan et al. (2020) find an atmospheric H2O
abundance of ∼1-100× solar, with no detection of any
other species. We therefore include only H2O in our
models, varying its metallicity from 1 to 100× solar. In
all our models, we also include salt (KCl/ZnS) clouds
and water ice clouds wherever they are thermochemi-
cally expected to occur (section 2). Water ice cloud
particle sizes can have a wide range of modal particle
sizes (e.g. Morley et al. 2014); we tried a range of sizes
and in the models presented here use particle sizes in the
range 1-3 µm. The base of each ice cloud is located ap-
proximately where the atmospheric H2O enters the ice
phase (as described in section 2.3). In the models shown
in figure 7, the cloud bases lie in the range 0.01-0.2 bar.
As described in section 2, we calculate models for two
end-member values of Tint: 25 and 50 K.
We find that a range of atmospheric conditions al-
low for habitability in K2-18 b. Madhusudhan et al.
(2020) find habitable solutions for two atmospheric P -
T profiles. Here, we explore a wider range of param-
eters and their impact on potential habitability. Fig-
ure 7 shows model P -T profiles for K2-18 b both with
and without hazes (right and left panels, respectively).
As expected, higher-metallicity models are hotter and
host salt clouds in the lower atmosphere, while the low-
metallicity models are cooler. The haze-free models with
1 and 10×solar metallicity are sufficiently cool that ice
clouds are present in the upper atmosphere, which fur-
ther cools the deeper regions of the atmosphere (light
blue and red lines in left panel of figure 7, respectively).
Higher-metallicity models with hazes also remain cool
at high pressures (right panel of figure 7). For both the
hazy models and the haze-free 1 and 10× solar models,
a H2O surface beneath the atmosphere could potentially
host habitable liquid surface water if this surface occurs
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at the right pressure (see shaded yellow regions in fig-
ure 7).
We find that a planet resembling K2-18 b but with a
higher irradiation temperature can also be potentially
habitable. Figure 8 shows model P -T profiles for a
planet like K2-18 b but with Tirr=420 K rather than
332 K (i.e., receiving ∼2.5× more incident flux, achieved
by decreasing the semi-major axis). With no hazes or
ice clouds (left panel), these profiles reach high temper-
atures deep in the atmosphere. In this case, the models
do not cross the ‘potentially habitable’ shaded yellow re-
gion. However, models with strong haze opacity (right
panel) are significantly cooled such that habitable liquid
water could exist at the surface of a H2O layer beneath
the atmosphere. Therefore, mini-Neptunes similar to
but somewhat warmer than K2-18 b could also have
the potential for habitability, although stronger optical
opacity is needed to cool such planets sufficiently. We
also note that throughout this work we have assumed
no day-night redistribution of the incident radiation.
Therefore, our habitability estimates are conservative.
Allowing for efficient day-night redistribution could al-
low such planets at even higher Tirr to be potentially
habitable. We discuss this further in section 6.
4.3. Effects of H2O saturation
In this section, we explore models for K2-18 b for
which the atmosphere is saturated with H2O vapour,
representing the upper extreme in relative humidity. We
consider two surface pressures corresponding to the base
of the atmosphere: PHHB=100 bar (left panel of figure
9) and PHHB=1 bar (right panel of figure 9). For each
surface pressure, we consider a range of haze opacities
and Tint=25-50 K to explore how these parameters affect
the habitability of the ocean.
We assume the atmosphere to be 100% saturated be-
tween the ocean surface and the cold trap at higher al-
titudes. The mixing ratio of water vapor follows the
saturation curve up to the cold trap where it reaches
the minimum value in saturation for the corresponding
temperature profile. The pressure level at this mini-
mum is ∼0.1-0.3 bar for most cases, but can be as deep
as 20 bar for cases with PHHB=100 bar and Tint=50 K.
Beyond the cold trap the H2O saturation vapour pres-
sure begins to increase with altitude and the actual H2O
mixing ratio there depends on various factors including
the efficiency of atmospheric mixing (e.g. Pierrehumbert
et al. 2006). At altitudes beyond the cold trap (i.e., at
lower pressures) we assume the H2O mixing ratio to be
constant at either the minimum value at the cold trap or
100×solar, whichever is smaller. The maximum abun-
dance of 100×solar is set by the upper-limit on the H2O
abundance at the photosphere (∼1-100 mbar level) de-
rived from the observed transmission spectrum of K2-
18 b (Madhusudhan et al. 2020).
We note that in some cases, especially when the tem-
perature structure is nearly isothermal in the lower at-
mosphere, a second cold trap can occur close to the
ocean surface. Here, the saturation vapour pressure in-
creases with altitude starting right at the surface of the
ocean, before decreasing again higher up in the atmo-
sphere and leading to the more conventional cold trap
there as discussed above. For such “surface cold traps”
we assume that atmospheric mixing easily overcomes the
cold trap and causes the H2O abundance to remain sat-
urated in the lower atmosphere.
In figure 9, we show models for which the surface of
the 100% H2O layer is in the liquid phase. For a sur-
face pressure of 100 bar (left panel of figure 9), we find
several cases which allow for habitable temperatures at
the ocean surface (i.e. .400 K). In particular, models
with Tint=25 K and haze abundances above ∼1250×H2
Rayleigh scattering satisfy this condition. Models with
higher Tint and/or less haze have warmer surface tem-
peratures but still allow for a liquid ocean. We note
that since the definition of habitability used here is
based solely on Earth-like life, these warmer tempera-
tures do not preclude unknown life forms which may
have adapted to more extreme conditions.
For a surface pressure of 1 bar (right panel of figure
9), we find that even more solutions allow for habitable
conditions at the ocean surface. Firstly, at these low
pressures, a Tint in the range 25-50 K does not affect the
P -T profile, allowing for more habitable cases. Secondly,
much less haze is needed to achieve a habitable surface
temperature (& 400×H2 Rayleigh scattering) as the at-
mosphere is thinner and has less greenhouse warming.
We therefore find that despite the high relative humid-
ity (i.e., 100% saturation) above the ocean, a range of
surface pressures, haze opacities and Tint allow for po-
tentially habitable conditions in planets like K2-18 b.
5. OBSERVABILITY
As we have shown above, mini-Neptunes such as K2-
18 b could provide potential targets in the search for
habitability in exoplanets. In particular, their observ-
ability with current and future facilities arguably makes
them optimal targets for such studies. Recent observa-
tions of K2-18 b (Benneke et al. 2019b; Tsiaras et al.
2019) have already shown that current facilities are able
to observe temperate mini-Neptunes with transmission
spectroscopy. Furthermore, Madhusudhan et al. (2020)
showed that for K2-18 b, a H2O layer beneath the at-
mosphere could have a surface as shallow as ∼1 bar and
18 Piette & Madhusudhan
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Figure 10. Observability of temperate and potentially habitable mini-Neptunes with JWST/MIRI. Left: Model P -T profiles
for K2-18 b with varying metallicities (1 and 100×solar) and internal temperatures (Tint=25 and 50 K). Clouds are included
wherever they are thermodynamically expected (see figure 7 for details). Phase diagram for 100% H2O shows the phase that a
water layer would have at the boundary between the H2-rich atmosphere and H2O interior (HHB). The yellow region highlights
pressures and temperatures where this water would be liquid and habitable. The coloured circles denote brightness temperatures
in different JWST/MIRI photometric bands described in the right panel. Right: Model spectra corresponding to the P -T profiles
in the left panel. Simulated photometric data from the JWST/MIRI filters at wavelengths >10 µm are shown for each spectrum
(coloured circles, see section 5), with best-case error bars of 10 ppm. The brightness temperatures for the central unperturbed
value of each photometric point are plotted on the corresponding P -T profile in the left panel, showing the depths probed by
each measurement. Sensitivity curves for each filter are shown in black. Grey dashed lines show blackbody curves corresponding
to planetary temperatures of 200, 250, 300, 350 and 400 K.
surface temperatures low enough for habitable liquid wa-
ter. In this section, we investigate how thermal emission
spectra of such planets can be used to learn about their
atmospheres and to place limits on their surface con-
ditions. In particular, we explore how observations us-
ing JWST/MIRI (Rieke et al. 2015; Kalirai 2018) can
constrain both potentially habitable and warmer mini-
Neptunes.
5.1. Constraints on habitability
In this section, we consider how atmospheric thermal
emission observations can help to constrain the poten-
tial habitability of surface conditions in temperate mini-
Neptunes similar to or smaller than K2-18 b (see section
1). In particular, thermal emission spectra can pro-
vide information about the temperature in the photo-
sphere. The P -T profiles in figures 2 and 3 show that
the photospheres of these atmospheres can extend as
deep as ∼0.1-1 bar, while high-altitude clouds can raise
the photosphere to shallower pressures. Below the pho-
tosphere, different P -T profiles can have a variety of
gradients, from more isothermal profiles (e.g. due to
ice clouds or haze) to relatively steep ones (e.g. due to
high metallicity and/or low optical opacity), as demon-
strated in figure 7. Therefore, the photospheric tem-
perature provides a lower limit to the temperature of a
potential surface beneath the atmosphere. For exam-
ple, if the brightness temperature of the atmosphere in
an observed band is >400 K, the temperature at deeper
pressures will be even higher, and habitable conditions
are less likely. However, a photospheric temperature
of ∼300 K could allow habitable conditions if the P -
T profile is isothermal below the photosphere, though
a steeper temperature gradient could result in surface
temperatures too high for habitability. For models with
ice clouds, a high cloud opacity can result in the photo-
sphere occurring at very low temperatures, e.g. .250 K,
while making the P -T profile isothermal below the cloud
base and resulting in potentially habitable conditions at
higher pressures. Observing such a low photospheric
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Figure 11. Observability of thermal emission from warm mini-Neptunes with JWST/MIRI. Left panel: model P -T profiles for
GJ 3470 b with varying metallicities (0.1, 1 and 10 ×solar) and Tint=30 K (see section 5.3). Phase diagram shows the phase of
a 100% H2O layer at the HHB, as in figure 10. The coloured circles denote brightness temperatures in different JWST/MIRI
photometric bands described in the right panel. Right panel: Spectra corresponding to these P -T profiles, with simulated MIRI
photometry data (coloured circles, see section 5). Brightness temperatures for the central value of each photometric point are
plotted on the corresponding P -T profile in the left panel. We assume error bars of 10 ppm, which are smaller than the data
symbols. Sensitivity curves for each MIRI filter used are shown in black, as in figure 10. Inset: Enlarged view of spectra in the
range 5-10 µm. Simulated MIRI LRS data, generated using PandExo (Batalha et al. 2017), are shown as coloured circles and
error bars. Dashed grey lines show blackbody curves for planetary temperatures of 600, 650, 700, 750, 800 and 850 K.
temperature, i.e. below the freezing point of H2O, could
therefore suggest the presence of such clouds and the
possibility of a habitable surface.
For temperate mini-Neptunes with the potential for
habitability, the emergent flux peaks in the mid-infrared
(&10 µm), and is therefore more easily observable at
these wavelengths. Figures 4 and 5 show that the spec-
trum of a planet with irradiation temperature ∼350 K
typically exceeds 10 ppm for wavelengths &10 µm. As-
suming optimistic uncertainties of ∼10 ppm, JWST ob-
servations in the mid-infrared (i.e. using MIRI) will be
able to characterise these cool atmospheres and place
limits on their habitability. Another advantage of this
wavelength range is that the spectrum in the mid-
infrared is predominantly sensitive to irradiation tem-
perature, and is less sensitive to composition (see section
3.2). This can be seen in figures 4 and 5, where model
spectra with different metallicities converge at longer
wavelengths. The mid-infrared spectrum is therefore
optimal for determining the temperature in the photo-
sphere, regardless of its chemistry.
For a planet with mass and radius low enough for
habitable surface pressures (e.g. K2-18 b), the photo-
spheric temperature measured in the mid-infrared can
therefore provide a quick metric for assessing whether
a mini-Neptune could potentially host habitable condi-
tions, and can rule out atmospheres which are likely
too hot for habitability. Promising candidates can then
be investigated further, e.g. using transmission spec-
troscopy to infer chemical compositions. Photometry
provides an ideal way to measure this metric. In what
follows, we explore how JWST/MIRI photometry can
be used to measure photospheric temperature and dis-
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tinguish potentially habitable planets from those which
are too hot.
5.2. JWST for mini-Neptune habitability
JWST/MIRI will allow both photometric and spec-
troscopic observations beyond 10 µm, where potentially
habitable mini-Neptunes can most easily be observed.
Here, we assess how MIRI photometry can be used to
constrain the photospheric temperatures of such plan-
ets. To do this, we simulate photometric data with
the six MIRI photometric bands which probe wave-
lengths above 10 µm (F1130W-F2550W; Rieke et al.
2015; Bouchet et al. 2015) for a range of model atmo-
spheres. The simulated photometric data are calculated
by binning each model spectrum according to the instru-
ment spectral response (Glasse et al. 2015). We assume
best-case error bars of 10 ppm, which is a reasonable es-
timate for JWST photometry considering that the Hub-
ble Space Telescope (HST) WFC3 spectrum of K2-18 b
is known to a precision of ∼25 ppm at R∼40 (Benneke
et al. 2019b; Tsiaras et al. 2019). Figure 10 shows these
data alongside the P -T profiles for each model. For each
photometric point, we also calculate the brightness tem-
perature probed and indicate this on the corresponding
P -T profile; this gives an indication of the pressure be-
ing probed by each data point. For a spectral bin in
the wavelength range λmin-λmax and a normalised in-
strument sensitivity function ζ, we calculate brightness
temperature, Tb, such that∫ λmax
λmin
piζBλ(Tb)dλ =
Fp
Fs
R2s
R2p
×
∫ λmax
λmin
piζIsdλ,
where
Fp
Fs
is the observed planet-star flux ratio in the
photometric band, piIs is the stellar surface flux (we use
Kurucz model spectra: Kurucz (1979); Castelli & Ku-
rucz (2003)), Rp is the planetary radius, Rs is the stellar
radius and Bλ is the Planck function.
Figure 10 shows the brightness temperatures corre-
sponding to the six photometric bands and the pres-
sures which they probe for each P -T profile. In particu-
lar, for the model with ice clouds, the pressures probed
are limited by the high optical depth of the cloud and
are shallower than 0.01 bar. Conversely, for the warmest
models with no ice clouds, the photometric points probe
deeper than 0.1 bar. In all three cases, the brightness
temperatures of the photometric points are cooler than
the temperatures at higher pressures, where a surface
could be expected to exist (e.g. &1 bar, Madhusudhan
et al. 2020). As such, the photometric data can provide
a lower limit on the temperature of such a surface.
Figure 10 also shows that profiles whose photospheric
temperatures differ by ∼100 K can easily be distin-
guished using MIRI photometry beyond 10 µm. Bright-
ness temperatures &300 K (e.g. for the warmer models
in figure 10) correspond to several tens - ∼100 ppm,
which can be measured precisely if the error bars are
∼10 ppm. Brightness temperatures of ∼200-250 K (e.g.
for the coolest model in figure 10) can also be mea-
sured precisely using the longer-wavelength MIRI filters
(&17.5 µm), and can easily be distinguished from the
warmer models. Indeed, the brightness temperature of
this cooler model (∼200 K) can be constrained to within
<50 K using the F2550W filter (25.5 µm) and assum-
ing 10 ppm uncertainties. As such, MIRI photometry
provides a way to place lower limits on surface tem-
perature and to rule out atmospheres which are likely
too hot to host habitable surfaces. Furthermore, a non-
detection with the longest-wavelength MIRI photomet-
ric band (F2550W) could suggest a very cool photo-
spheric temperature and motivate further observations
as habitable temperatures could be present deeper in
the atmosphere.
While we have used K2-18 b as a case study, these
results also apply to similar planets around other M-
dwarfs. Given the photospheric temperature of a planet,
the observed flux ratio depends on the effective temper-
ature of the star and is higher for cooler stars. Since
K2-18 is an M2.5 V star, this case study provides a con-
servative estimate of the observability of mini-Neptunes
orbiting M-dwarfs; later types can result in stronger sig-
nals.
5.3. JWST for warmer mini-Neptunes
Mid-infrared atmospheric observations can also be
used to constrain the chemical and thermal proper-
ties of warmer mini-Neptunes. While these planets
may not host habitable surfaces, their higher temper-
atures allow more detailed observations and constraints
on their properties. In turn, such constraints can pro-
vide boundary conditions for internal structure models
or give clues about their formation. Furthermore, since
cooler mini-Neptunes are less suited to chemical charac-
terisation with thermal emission, their warmer counter-
parts may help to constrain the dayside compositions of
mini-Neptunes as a population. In this section, we in-
vestigate the observability of warm mini-Neptunes with
JWST/MIRI using GJ 3470 b as a case study.
To model GJ 3470 b, we use the bulk properties given
in section 2.4 and spectroscopic atmospheric constraints
from Benneke et al. (2019a). Benneke et al. (2019a) find
a significant detection of H2O and constrain its abun-
dance to be that expected from a solar metallicity at-
mosphere with an uncertainty of roughly ±1 dex. They
also infer the presence of CO and/or CO2 from the emis-
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sion spectrum of the planet observed with Spitzer IRAC
1 and IRAC 2. However, since both of these species re-
sult in absorption features in the IRAC 2 4.5 µm band-
pass, their abundances are degenerate with each other
and form a knee-like degeneracy. We therefore do not
vary the abundances of CO and CO2 in our models and
use the median mixing ratios inferred by Benneke et al.
(2019a), i.e. 10−3.04 and 10−2.71, respectively, as the
enhancement of one would merely lead to the depletion
of the other. Benneke et al. (2019a) further infer a de-
pletion of CH4 and NH3 in GJ 3470 b, so we omit these
species from our models. Since the abundances of CO
and CO2 relative to H2O are significantly higher than
expected from equilibrium chemistry, we choose to use
constant-with-depth abundances for these three species.
We also include KCl and ZnS clouds as described in sec-
tion 2, with cloud bases at 0.3 bar. The P -T profiles
and spectra for these models are shown in figure 11. As
in figure 10, we also show simulated MIRI photometry
assuming uncertainties of 10 ppm, which allows high
signal-to-noise measurements of the emergent flux and
photospheric temperature.
Figure 5 shows that a model spectrum with
Tirr=800 K exceeds an optimistic uncertainty of 10 ppm
at wavelengths greater than ∼3 µm. In this wavelength
range, the MIRI Low Resolution Spectroscopy (LRS)
and Medium Resolution Spectroscopy (MRS) can be
used to observe the thermal emission from these plan-
ets. In figure 11, we show simulated MIRI LRS data
for the model spectra of GJ 3470 b. We simulate this
data using PandExo (Batalha et al. 2017) for the MIRI
LRS slitless mode. For the error bars we assume a single
eclipse, and the data are binned by a factor of 10. Ab-
sorption features due to H2O, CH4, CO2 and HCN are
present in this spectral range and, using retrieval analy-
ses, abundances of these species could be inferred from
such spectra. For example, a strong absorption feature
is visible at ∼9-10 µm. In addition to chemical informa-
tion, the emission spectrum can also be used to constrain
the P -T profile of the planet. In the examples shown in
figure 11, the spectra probe pressures within the range
∼0.01-0.1 bar, meaning that the temperature profile in
this range could be inferred using retrieval techniques.
6. DISCUSSION & CONCLUSIONS
Mini-Neptunes in the habitable zones of M-dwarfs can
provide an excellent opportunity to study temperate ex-
oplanets and their potential habitability. In particular,
Madhusudhan et al. (2020) showed that the mass, ra-
dius and atmospheric properties of the habitable-zone
mini-Neptune K2-18 b allow it to have a H2O surface
beneath the atmosphere with a surface pressure as low
as ∼1 bar, potentially with habitable conditions. In
this study, we explore the effects of a range of atmo-
spheric parameters on the thermal profiles and spectra
of such planets. We investigate three primary aspects
of mini-Neptune atmospheres: (i) the diversity of at-
mospheric temperature structures, with implications for
energy transport, chemistry and their emergent spectra,
(ii) thermodynamic conditions deep in the atmosphere,
which impact the potential for habitability as well as
boundary conditions for internal structure models, and
(iii) their observability with thermal emission spectra,
including constraints on potential habitability.
We begin by exploring the diversity of temperature
structures and emission spectra of mini-Neptunes as a
function of several atmospheric parameters. The pa-
rameters we consider are irradiation temperature, in-
ternal temperature, metallicity and cloud/haze proper-
ties. We find that for typical internal temperatures of
mini-Neptunes, the radiative-convective boundary oc-
curs well below the photosphere. As a result, vertical
mixing in the photosphere is more likely to be caused by
eddy mixing rather than convection. We also find that
strong optical opacity due to clouds/hazes can result in
an isothermal temperature structure beneath the pho-
tosphere, which can maintain cool temperatures to high
pressures, with implications for habitability on deep sur-
faces. For all of the models we consider, which have
irradiation temperatures ≥350 K, we further find that
the emergent spectra are above the 10 ppm level at
wavelengths >10 µm. This means that the emission
spectra of such mini-Neptunes could be observable with
JWST/MIRI, which we discuss below.
We also apply our atmospheric model to the habitable-
zone mini-Neptune K2-18 b to asses its atmospheric
conditions and potential habitability. We consider a
range of physically-motivated thermal profiles by vary-
ing metallicity, internal temperature and haze abun-
dance. We compare our P -T profiles to the phase di-
agram of water in order to assess the phase that a H2O
surface would have given a particular surface pressure.
We find that many of our models intersect the liquid
or supercritical phases at pressures &1 bar, suggesting
that liquid or supercritical surface water could be pos-
sible on this planet for a range of atmospheric condi-
tions. This has implications for internal structure mod-
els of mini-Neptunes as the equation of state of H2O is
strongly temperature-dependent for phases other than
ice (Thomas & Madhusudhan 2016; Madhusudhan et al.
2020).
We also explore atmospheric models for K2-18 b which
allow liquid surface water at habitable temperatures and
pressures, i.e. T .395 K and P .1250 bar, corre-
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sponding to the most extreme temperature and pres-
sure conditions habitable for extremophiles on Earth
(Merino et al. 2019). Madhusudhan et al. (2020) model
the atmosphere and interior of K2-18 b and find that,
for two atmospheric P -T profiles, solutions with hab-
itable liquid water at the surface are possible. Here,
we explore a variety of atmospheric models for K2-
18 b spanning a range of metallicities, internal tem-
peratures and haze opacities and find several solutions
which allow habitable liquid water at the surface. We
also consider a hypothetical planet resembling K2-18 b
but with Tirr=420 K rather than 332 K (i.e., receiving
∼2.5× more incident flux). We find that, despite its
hotter irradiation temperature, several model solutions
for this planet also allow liquid surface water at hab-
itable temperatures and pressures. In these scenarios,
stronger optical scattering is needed to sufficiently cool
a planetary surface. These results suggest that mini-
Neptunes throughout the traditionally-defined habitable
zone could potentially host habitable conditions, de-
pending on their atmospheric properties and surface
pressures.
In our current models, optical scattering due to
clouds/hazes is necessary to cool the lower atmosphere
to habitable temperatures. In principle, some of the
dayside energy may also be redistributed to the night-
side, thereby cooling the dayside atmosphere. Here, we
have conservatively assumed that any redistribution of
the stellar irradiation from the dayside to the nightside
occurs in the interior, below the atmosphere. In prin-
ciple, where the interior-atmosphere boundary is deep
enough, the day-night energy redistribution can occur
in the atmosphere, as is known to occur in irradiated
gas giants (Showman et al. 2009). In the context of
1-D models, such an effect can be modeled by an artifi-
cial energy sink in the dayside atmosphere (e.g. Burrows
et al. 2008). If energy is removed from the day-side at
pressures . 1000 bar, this could contribute to cooling
the atmosphere at habitable pressures, thereby increas-
ing the chances of habitable conditions in our models.
As such, our estimates for habitable conditions in the
present work may be conservative. Including such an
effect may also mean that less optical opacity is required
for habitable conditions to be possible. This can be ex-
plored in future work, alongside more complex prescrip-
tions for clouds and hazes, in order to understand the
potential habitability of mini-Neptunes in greater detail.
We further note that our current models do not in-
clude the effects of water condensation on convection
and the temperature profile. Latent heat released by
the condensation of water is known to make convec-
tion easier in some circumstances (e.g. Pierrehumbert
2010), resulting in a more isothermal ‘moist’ adiabat.
Conversely, in atmospheres where the background gas
is lighter than the condensing species (e.g. H2O con-
densation in a H2-rich atmosphere), condensation can
inhibit both moist and double-diffusive convection and
result in a super-adiabatic temperature gradient (e.g.
Guillot 1995; Leconte et al. 2017; Friedson & Gonzales
2017). The ways in which these effects can shape the en-
ergy transport and P -T profiles in H2-rich atmospheres
are not yet fully understood, though future missions to
Uranus or Neptune may help to elucidate this Guillot
(2019).
Finally, we consider the observability of mini-Neptune
thermal emission with JWST, including observable sig-
natures of potentially habitable conditions. We find that
photometry with JWST/MIRI could be used to measure
the photospheric temperatures of mini-Neptunes such as
K2-18 b down to ∼200 K assuming 10 ppm error bars.
Based on our models, we find that photospheric temper-
atures below the freezing point of H2O suggest the pres-
ence of ice clouds and could be a sign of temperate condi-
tions below the atmosphere. Photospheric temperatures
of ∼300-400 K can also be a sign of habitable conditions
below the atmosphere, though this depends on the tem-
perature gradient at higher pressures. This gradient is
driven by several factors including infrared opacity and
the presence of hazes/clouds. However, photospheric
temperatures &400 K typically imply even hotter, and
therefore non-habitable, conditions at higher pressures.
Our models therefore show that MIRI photometry
can provide a simple way to establish whether a mini-
Neptune such as K2-18 b could potentially host hab-
itable conditions, guiding follow-up observations. For
example, transmission spectroscopy could provide more
detailed chemical constraints which in turn could be
used to provide further insight into the habitability of
the planet (e.g. Seager et al. 2013; Bains et al. 2014;
Meadows & Barnes 2018). In addition to temperate,
potentially-habitable mini-Neptunes, we also explore the
observability of warmer mini-Neptunes with JWST and
find that MIRI low resolution spectroscopy could be
used to constrain their chemical compositions and ther-
mal profiles.
Our results show that mini-Neptunes similar to or
smaller than K2-18 b, whose masses and radii allow
for habitable surface pressures, could potentially host
habitable conditions beneath their H2-rich envelopes for
a wide range of atmospheric parameters. Since these
planets are more easily observable than temperate ter-
restrial planets, they arguably represent optimal targets
for the study of habitability in exoplanets. Further-
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more, JWST/MIRI could provide initial constraints on
the habitability of such mini-Neptunes.
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